The paper presents the carbon nanotubes (CNTs) alignment and length dependence with respect to the catalyst pattern design, the fabrication of a CNT MEM switch, nanomanipulating a CNT array by FIB and the electrical characterization of the device to evaluate the electrical and mechanical properties of the CNT membrane. The catalyst design permits to obtain, during the same growth process, both vertical and horizontal aligned nanotubes. The high density guaranties to the CNT mat to act as a compact and flexible material that could be manipulated to make MEM devices. DC electrical measurements of the CNT MEM switch show an equivalent resistivity of 0.08Ωcm and a Young Modulus of 160MPa that permit to have low actuation voltage devices in the downscaling process.
Introduction
Since their discovery, carbon nanotubes have been considered one of the most promising materials for electronics. Their unique electrical and mechanical properties can also be exploited to make MEMS and NEMS devices with high performances and reliability. Several MEM-devices (memories, switches, sensors) have been already reported in literature [1] [2] [3] , based both on individual nonotubes and networks. At large-scale integration level, more interesting is the exploitation of a high-dense and aligned arrays of nanotubes at predefine locations that could be shaped into well-defined and controlled configurations. Jung reports in [4] the control of the CNT alignment by substrate selection and patterning. Hayamizu reports in [5] the fabrication of high-dense integrated CNT relays, starting from a CNT-wafer. In this paper we present the effect of the catalyst pattern design on the CNT growth: according to the catalyst area, it is possible to obtain, during the same growth run, carbon nanotubes arrays of different lengths, in both vertical and horizontal directions. The high density (~10 12 tubes/cm 2 ) permits to the CNT arrays to act as a new bulk material whose properties are inherited by single CNTs (the space among each CNT, since it is always of few nanometers, can not be filled by air, so in the modelling it is assumed to be vacuum and hence neglected). Furthermore the fabrication and the characterization of a CNT MEM switch based on the nanomanipulation of CNT membrane by FIB are reported.
CNT Growth Design Dependence
The CNT growth process used in our experiments is a fast heating (no annealing, the sample passes directly from room temperature to the growth one) water assisted [6] thermal CVD, performed at 750°C, STP. Ethylene is used as carbon source and iron (0.6nm) on 10nm Al 2 O 3 as catalyst. This growth conditions give, with the catalyst on the whole sample, 1mm high carpet of vertical aligned small Multi-Wall (MWNTs) nanotubes (three walls, the external one has a diameter of 6.5nm) with a density between 10 11 /cm 2 and 10 12 /cm 2 . Furthermore catalysts (Fe + Al 2 O 3 ) have been patterned by lift-off on 500nm SiO 2 in different geometries (square and rectangle) and dimensions, ranged from few μm to hundreds μm. The thickness is always kept constant. Fig. 1 .a shows the results: vertical (inset of the picture) and horizontal aligned arrays have been obtained after 30 minutes growth during the same synthesis without density change. In particular, the horizontal ones are aligned with respect the gas flow. The CNTs heights is proportional to the catalyst dimensions and go from 100μm for the smallest catalyst geometry to 800μm for the biggest one (details are reported in [7] ).
In order to understand the role of the design in the CNT synthesis, a growth model versus time for both big (a square: 100μmx100μm) and small (a strait line: 100μmx5μm) catalyst configurations has been proposed and depicted in Fig 1. b. In our growth model, the CNT array is assumed to be a unique deformable body describable by classical mechanics. During the first minutes of growth, in both cases, nanotubes start growing vertically; from the very beginning, longer CNTs can be observed on the squared structure, because of the lowering of the ethylene partial pressure with respect to the straight line [7] . Since we are in laminar flow condition, the force generated by the gases is supposed to be constant everywhere. The more the CNTs length increases (and hence the weight), the more CNTs on the strait line become sensitive to the gas flow force, which induces a shift of their centre of gravity and deform their shape, orienting them with respect to the flow propagation direction [8] . During this continuous and gradual shift of the centre of gravity, nanotubes on the catalyst line keep growing with respect to the new orientation; on the other hand, the ones on the big squared structures keep growing vertically, because the centre of gravity shift is still inside the anchor base. When the centre of gravity is beyond the hold base, CNTs on the small catalyst area are pushed down to the substrate by the weight force.
The model fits very well the results obtained. It has been empirically estimated that to make CNTs fall down, it is necessary that the catalyst rectangular patterns have an aspect-ratio of, at least, 1:5. Furthermore, always for what concern the horizontal growth, only the catalyst dimension parallel to the gas flow is influencing the growth, as it is shown in Fig 1. a where at different catalyst length correspond the same CNT height, being the width the same. 
CNT Membrane Nanomanipulation
The CNT MEM switch has been fabricated manipulating horizontal aligned 4μm thick CNTs mat. All the process, which consists in moving the CNT array from one substrate to another one, has been performed under vacuum, in the chamber of the Dual Beam (SEM/FIB) FEI Nova 600 NanoLab tool [9] . The CNT membrane constitutes the moveable electrode of the relay. Therefore, the second substrate presents the patterns of the bottom electrode, a 200nm thick W line and of the suspended membrane SiO 2 anchors, whose thickness (450nm) has been designed to have an air gap, after the membrane placing, of 250nm. The sample with CNT arrays is stuck to the second substrate by adhesive strip. A sharp tungsten probe is approached very gently to the free stranding side of the horizontal CNTs lamella, until keeping them in contact (the contact has been evaluated by the CNTs charging effect at SEM). An ion-beam Pt local metal deposition (current: 0.1nA) through a Pt precursor gas (C5H5Pt(CH3)3) is performed on the top of the membrane, in the region around the tip, in order to fix it to the CNT array. This constitutes a quite critical step because Ga ions, if accelerated by a high current, can deform the CNTs membrane. After platinum deposition, FIB is used in milling mode to cut off CNTs of the Al 2 O 3 base. Once the membrane is detached from the substrate, the probe is moved very gently upwards, in order to get the CNT layer out of the way. Fig. 2 .a.i shows the displacement of the CNT lamella attached to the probe. In the picture it is also possible to see that the membrane keeps the shape. In the same way we operate to place the membrane on the second substrate. Fig.  2 .a.iii shows its placing on the oxide anchors. These ones are 50μm spaced and that distance represents the length of the suspended electrode. Once the membrane is placed on the new region of interest, we proceed to its metallization (as described before), to clamp it on the oxide substrate and to make the metallic contacts. This phase starts from the three free standing corners of the CNT array. After that, the probe is detached out of the membrane through local and very low current FIB milling. Since the probe is not attached anymore to the CNT mat, it is used to push further the CNT membrane to the oxide, in order to improve the contact and to complete the metallization process on all the regions of interest. More then 1μm of Pt has been deposited on the contact regions, because of the membrane thickness. Fig. 2 .b shows the fabricated CNT MEM switch. It is noticeable that the final air gap is bigger than the expected 250nm (~1μm), due to the tensile strain of the membrane generated during the metallization. Furthermore the metallic contacts are not uniform because of the Ga ions charging effect.
Electrical Characterization
Electrical characterization has been performed on the MEM switch with a CNT membrane 50μm long (the total length is 80μm; 15μm per side have been used for the metallic contact), 40μm wide and 4μm thick, in order to estimate its electrical and mechanical properties. The suspended electrode has a resistance of 800Ω, extracted from the 2-probe DC I-V characteristic. This value includes the CNT membrane resistance and the two contacts one. In order to extract the resistivity of the membrane, 4-probe measurements have been performed. Fig.3 .a shows I-V characteristic of the CNT membrane resistance. The four metal lines have been patterned always by FIB (inset of the picture). The measured resistance corresponds to have an equivalent CNTs resistivity (since we do not know how many tubes are metallic, how many have been contacted) of 0.08Ωcm. It follows that the contact resistance is around 300Ω per side. Furthermore the suspended membrane has been manipulated once again by FIB milling, in order to see if it was able to keep the shape (still suspended) and, at the same time, to reduce the actuation voltage (simulations by analytical model reported in [10] predict actuation voltages of several hundreds volts for a young modulus of few GPa). The inset of Fig. 3 .b shows the device after the second manipulation. Two meanders have been created. Fig.3 .b shows the I-V characteristic of the switch after the creation of the meanders. The pull-in event occurs at 33.7V. The relevant leakage current before the pull-in, is due to the Ga ions trapped in the oxide anchors during the Pt deposition by FIB. According to that pull-in value, using the spring equation for the serpentine flexure configuration reported in [10] , we extract an equivalent young modulus around 160MPa. The quite low extracted Young modulus with respect to the one of a single tube (the measured one by AFM tip is 400GPa) is due to the fact we do not know how many tubes have been snapped down simultaneously. By the way this value, in the downscaling process permits to design and fabricate NEM switches with low actuation voltage and low power consumption.
Conclusion
The fabrication and the characterization of MEM switch based on a horizontal aligned CNT array by FIB nanomanipulation is reported. The catalyst pattern design can be used to control the CNTs length and the alignment direction. The high conductivity and the low Young modulus can be exploited, in the perspective of a downscaling process, to make NEM switches with low power consumption and low actuation voltage.
